Résumé. 2014 On mesure la corrélation des fluctuations de forme en fonction du temps des grandes (~ 10 03BCm) Abstract. 2014 The time correlation function of the fluctuations in shape of large ( ~ 10 03BCm) quasi-spherical hydrated phospholipid membrane vesicles consisting of one to several bimolecular layers is measured. These membranes are flaccid, so the vesicle area and volume remain constant and the only contribution to the energy of the fluctuating shape is from the excess curvature of a membrane element. A value for the curvature elastic modulus, Kc, is obtained from the mean-square amplitude of normal modes of the fluctuations using the equipartition theorem. An expression for the correlation time is found by solving the dynamics of membrane relaxation against the low Reynolds number viscous drag of the water. The restoring force of the membrane is calculated following the theory of Jenkins [1] 
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Introduction.
Thin-walled phospholipid vesicles are of current interest as models of cell membranes [5] [6] [7] [8] and as systems of two-dimensional intermolecular ordering [9] [10] [11] [12] . For a given area and volume, the equilibrium shape of a flaccid, non-fluctuating vesicle (and also of a red blood cell) is determined by the minimization of the elastic energy due to curvature of a membrane element [1, 13] . The curvature elastic energy of a vesicle is [14, 15] where dA is an area element of the membrane, H = 1 /R1 + 1 /R2, is twice the mean curvature of dA, R1 and R2 are the two principal radii of curvature of dA [16] , and Kc is the curvature elastic modulus. Equation (1) assumes that the two sides of the membrane bilayer are identical. If they are not identical, the membrane may assume a spontaneous curvature, which can be taken into account by inserting a constant, HS, in equation (1) so that H is replaced by H -Hs [13, 15] . Kc is expected to be related to the splay elastic constant K, [17] of smectic A liquid crystals. Because the fluid-like layers of a smectic A can slide over each other, Kc = K1 w, where w is the lamellar repeat distance.
Because the curvature elastic modulus is very small [2] [3] [4] , a flaccid vesicle can attain many thermally accessible shapes at constant area and volume. In fact, the shapes of many thin-walled vesicles are observed to fluctuate [2] [3] 9] , the same phenomenon as the so-called « flicker » of red blood cells [4, [18] [19] .
Measurements of these thermal excitations have been used to deduce a value for the curvature elastic modulus, Kc, of red blood cells and artificial vesicles.
Brochard and Lennon [4] [2] . Surprisingly, the artificial vesicles appeared to have a larger curvature elastic modulus, despite the fact that the membrane of the red blood cell consists of lipids similar to those in the artificial membrane with the addition of cholesterol, integral proteins, and a polymeric protein cortex. Some of the integral proteins are attached to the spectrin-actin polymeric network [20, 21] beneath the cell membrane. It is anticipated that this additional structure affects the behavior of the red cell membrane, but it should stiffen it, rather than decrease Kc* We previously reported measurements of the time correlation function of the fundamental bending mode of long cylindrical vesicles [3] . We found Kc ~ 1-2 x 10-12 ergs from both the amplitude and the spectra of the fluctuations, in agreement with Servuss et al. [2] . The [23] . The only important contribution to the excess energy of a deformed vesicle is from the curvature elastic energy.
We make the reasonable assumption that the area-to-volume ratio of the time-averaged vesicle determines its time-averaged shape in the same way as the area-to-volume ratio of a non-fluctuating vesicle (i.e. one at T = 0 K) determines its shape, as calculated by Jenkins [1] . He figure 2 . Thus, Defining the outward normal as positive, it is shown in section A. .1 of the appendix that the curvature of the membrane element described by equation (2) is, to first order, in the displacements, where V is the three dimensional nabla operator. The light line is the equilibrium quasi-sphere with radius a, the dark line is the fluctuating vesicle whose shape is described with the displacement vector E(n/2, gi) . The amplitude of the fluctuation is exaggerated for clarity. In this plane, the radial displacement of a membrane element at (n/2, §) is u(n/2, t/J) and the tangential displacement is aP(n/2, 0).
Since H(0, ýJ) only involves the normal displacement u(0, VI), we choose u to express the local curvature and expand it in surface spherical harmonics [24] , Ynm(lJ, ýJ), with amplitude Unm(t), (Since n = 0 does not conserve volume, and n = 1 is a uniform displacement of the entire sphere, the sum starts from n = 2.)
The area element of the deformed vesicle, dA + 6 dA, may be written, to first order in the displacements (see section A. I in the appendix) as dA (1 + V.I:), where dA is the area element of the undeformed sphere. Because the membrane is a two dimensional incompressible fluid, the displacement vector must satisfy the continuity equation V.c = 0.
The curvature energy is derived from equations (1), (3), (4) and the normalization properties of the surface spherical harmonics [24] . [26] An expression for the correlation time of a mode is obtained by solving the dynamical problem of the vesicle excited into a normal mode and relaxing to its equilibrium shape. In this process, the restoring force of the membrane's curvature elasticity is balanced by the viscous resistance of the surrounding fluid The membrane fluid is, in fact, viscous but for long wavelength fluctuations its resistance to shearing is negligible compared to that of the surrounding fluid [27] . The The incompressibility conditions, V.c==0 may be written, using equation (2), as Equation (13) reduces the number of independent scalar functions required to describe the displacement E from three to two. Equation (13) may be satisfied identically by choosing two functions, f and g, as Notice that V x c involves only g, while the radial component of c involves only f. Setting equation (14) equal to equation (2), we hnd u = -(1/2) O2f.
We choose to work with the scalar functions u and g.
The motion of the surrounding fluid is described by the Navier-Stokes equations and the continuity equation Because the relaxation times are on the order of seconds and the decay lengths of the velocity fluctuations measured are on the order of the size of the vesicles (about 30 um), the ratio of the inertial to the viscous forces is about 0.001. Consequently, the inertial term can be neglected in equation (4a) and the problem falls into the regime of low Reynolds number hydrodynamics [29] .
The solution to the Navier-Stokes equations in the low Reynolds number limit in spherical coordinates is expressed by Lamb [30] Brenner [29, 31] writes the boundary conditions on the velocity in terms of the vector identities and where v is the fluid velocity interior and exterior to the membrane and V is given by equation (8) . A similar identity holds for the forces. To obtain this replace V by equation (12) Jenkins [1] as the time-averaged shapes about which the fluctuations occur and hence, they are the shapes to which the curvature forces act to restore the membrane. We have analysed here only the spherical time-averaged shapes.
In our experiments, we measure the time correlation function of the difference, rl(t), of two perpendicular diameters of the fluctuating sphere (Fig. 1) . The plane of the measurement is the 0 = n/2 plane, as shown in figure 2 . To first order, the quantity measured is From equations (4) , (19) and (20) , the correlation function measured is where ! denotes factorial and r { x } is the gamma function of argument x [32] . For our experiments (using Eqs. (19) and (20) ) only the n = 2 terms in equation (23) are important for points after r = 0 since Z(n) -I/n so T. -1/n3. Finally, from equations (6), (19) , (20) , (23) , the quantity measured is where and 6(1) is the Kroeckner delta [24] . figure 3a and the correlation function calculated from the data is shown in figure 3b . If N is the total number of consecutive video frames analysed, the correlation function is calculated from the formula The two independent correlation functions are averaged together. The error bars, (a2)1/2, for G( j At) are determined from the formula [34] where Tc is the correlation time. Since G(jAt) is a random variable, the error in its measurement is expected to scale like N -1/2; however, adjacent points in the sum used to calculate G( j At) (Eq. (25)) are correlated over a time Tc. Therefore, the total number of independent time intervals in equation (25) is N At/Tc not N so the error should be proportional to (N åtlt"c)-1/2 roughly as equation (26) A weighted linearized least-squares routine [35] is used to fit the correlation function to an amplitude multiplying an exponential decay plus a constant The fit is also shown in figure 3b . The residual constant is due to the error in locating the centre of the sphere. The i = 0 point is omitted from the fit Using equation (24) , Kc is determined from the correlation amplitude and then do (in units of Kcla 2) is determined from the correlation time. The estimated error for a parameter of the fit correspond to one standard deviation. (The probability that the parameter falls within the indicated range of error is about 68 % [35] .)
Although two additional fluctuation modes, n = 4, m = ± 4 and n = 3, m = ± 3 were measured, the resolution of the system was too low to analyse the data. This is consistent with the expected amplitude 'and correlation times of these modes compared to that of the n = 2, m = ± 2 modes which were successfully analysed.
The data for eight spherical vesicles with radii varying from 5 to 16 Jim, is shown in table I. We find u2 &#x3E; 1/2 to be about 0.05 a, so the fluctuations are small. The surprising result is that the value of Kc is independent of the number of bilayers in the wall of the spherical vesicle. (The data and correlation function for a multibilayer vesicle are shown in Fig 4. ) From the results on the cylindrical vesicles in reference [3] , it appears that all of the quasi-spheres act as single bilayers in the measurements. We hypothesize that the inner layers are more flaccid than the outer layer and hence do not affect the measurements.
We have often observed a sudden decrease in the fluctuation amplitude of a thin multibilayer vesicle, followed by the appearance of a small cylindrical « bud » on the inside of the vesicle. We take this « zipping » phenomena as confirmation of the flaccidness of the inner layers of the original vesicle. This process will be discussed in a future publica; tion [36] . consistent with the expected range of do values in equation (21) . Note that if do did not appear in the expression for the correlation time in equation (24) Equations (2) and (14) imply u = -(1/2) Vf. The boundary conditions on the membrane forces, given by the right hand side of equation (17) [31] for Pr and Pr, and for the left hand side of equation (17) (letting n -+ -n -1 to obtain the expressions for r &#x3E; 1), and defining åa, = -(Pr -Pr), we find
